ABSTRACT The study presented here aimed to investigate the effect of dietary protein content on Arg needs and immunological responses of broiler chicks during the starter period. A total of 715 one-day-old male Ross broiler chicks were randomly assigned to 5 replicate pens for each of 11 experimental diets during a 21-d feeding trial. The dietary treatments included a corn-soybean meal control diet or experimental diets (corn-soybean meal-corn gluten meal) containing 5 dietary Arg levels of 80, 90, 100, 110, or 120% of NRC recommendations and 2 dietary protein levels of 19 and 22.35% of diet. Increasing dietary CP content significantly (P < 0.001) increased daily feed consumption and weight gain. Also, feeding diets deficient in Arg to the chicks led to a noticeable decline in feed intake, and dietary Arg supplementation overcame decreased feed consumption and weight gain observed in Arg-deficient chicks. Feed efficiency was affected only by dietary Arg concentration so that chicks on Arg-deficient diets markedly (P < 0.001) increased feed conversion ratio. Contrast comparisons showed that the highly variable responses of chicks to dietary Arg level were mainly attributed to dietary protein concentration: more dietary protein content and higher Arg demands. Among lymphoid organs, thymus (P < 0.001) and spleen (P < 0.05) were affected by dietary Arg deficiency, whereas diets low in CP content decreased (P < 0.001) relative weights of thymus and bursa of Fabricius. Increase in dietary CP level from 19 to 22.35% caused an increase (P < 0.001) in the proportion of lymphocytes and consequently lower (P < 0.05) heterophil-to-lymphocyte ratio. Broiler chicks on Arg-deficient diets decreased the proportion of heterophils in peripheral blood. Furthermore, skin reaction to phytohemagglutinin P was impaired when the diets were low in CP and Arg contents. Similarly, a decrease in dietary CP and Arg levels diminished the antibody production response to Newcastle disease virus. The broken-line analysis indicate that the Arg requirements of starting broiler chicks for optimal immune functions (107% of NRC values) are higher than those for maximum growth performance (101%) or feed efficiency (103%) and are dependent on dietary protein concentration.
INTRODUCTION
Arginine is essential for optimal growth and N balance in growing animals. Although most mature mammals can synthesize Arg to meet their requirements, chickens cannot synthesize Arg de novo (Cohen and Hayano, 1946; Tamir and Ratner, 1963a,b; Austic and Nesheim, 1971; Southern and Baker, 1983) ; therefore, they are completely dependent on dietary Arg to meet their needs for protein synthesis and other functions (Tamir and Ratner, 1963a) . At least 2 separate enzymes required for Arg synthesis are lacking in avian kidneys, and almost all enzymes of the urea cycle are absent from avian liver (Scott et al., 1982) . Arginine, like most amino acids, is traditionally noted for its role in protein synthesis. Identification of the Arg pathway that produces nitric oxide (Collier and Vallance, 1989) has led to research demonstrating that Arg is needed for an optimal immune response (Kidd et al., 2001) . Additional improvements in immunity, as affected by dietary Arg in animals including humans, are improved thymic weight and function, enhanced lymphocyte mitogenesis, improved immunity against tumors, and enhanced wound healing (Efron and Barbul, 1998; Evoy et al., 1998) . Although much research in animals and humans has been carried out for evaluating immunomodulatory actions of Arg, research addressing Arg demands for optimum immunity in broiler chickens remains sparse.
On the other hand, the excretion of N originating from dietary protein is largely responsible for envi-ronmental issues from intensive livestock production (Morse, 1995) . In response, dietary means to decrease the consequence on the environment of intense livestock production have successfully been implemented (Bregendahl et al., 2002) . One of the nutritional strategies is the partial replacement of intact protein (e.g., soybean meal) with crystalline free amino acids, by which excess dietary amino acids (particularly nonessential amino acids) are minimized in relation to their requirements, bringing the dietary protein closer to ideal protein and in turn decreasing the dietary CP content. calculated that for each percentage point decrease in the dietary CP content (using synthetic amino acids), the amount of excreted N was reduced by 8% in pig production. However, several studies with broiler chicks (Fancher and Jensen, 1989a,b,c; Pinchasov et al., 1990; Aletor et al., 2000) and growing pigs Knowles et al., 1998) have shown that growth performance and carcass composition become inferior to those broiler chicks or pigs fed standard high-CP diets when the dietary CP content is lowered by more than 3 to 4 percentage points.
If the lower-protein diets (supplemented with Met and Lys) are fortified with a sufficient quantity of the third-limiting amino acid, the broiler chicks will perform equivalently to those fed higher-protein diets containing only intact protein. Broilers, however, do not seem to do as well when intact protein is reduced to a greater extent and replaced with crystalline essential amino acids (Pinchasov et al., 1990) . Because there is not enough information concerning Arg requirements for optimal growth performance and especially immune functions, the present study was performed to evaluate nutritionally the demands of this critical amino acid, particularly in response to dietary CP content.
MATERIALS AND METHODS

Birds and Experimental Diets
The day-old male broiler chicks (Ross × Ross) were purchased from a commercial hatchery. The chicks were housed in floor pens (1.35 × 1.35 m) containing pine shavings throughout the trial. A total of 715 chicks were randomly allocated to 55 pens of 13 birds and fed experimental diets from 1 to 21 d of age. The chicks were assigned to pens so that initial BW and weight distributions were similar among different dietary treatments. Five replicate pens were assigned to each of the 11 experimental diets. Experimental diets consisted of a corn-soybean meal control diet (22.35% CP) or corn-soybean meal-corn gluten meal-based diets differing (by analysis) in protein (19 or 22.35%) and Arg [80, 90, 100, 110, or 120% of NRC (1994) recommendations for Arg requirements] contents (Table 1) . The experimental diets were formulated to meet all of the nutritional considerations for starting broiler chicks consistent to NRC (1994) . Arginine supplementations (l-Arg; free base) were made at the expense of washed builders sand. Sodium bicarbonate and potassium carbonate were added to the experimental diets in place of the equivalent weight of sand to maintain dietary anion-cation balance (Pinchasov et al., 1990; Bregendahl et al., 2002) . Lights were on continuously for the first 3 d posthatching, after which a 23L:1D lighting schedule was maintained for the duration of the experiment. Feed and water were provided ad libitum. At 1 d of age, the temperature was set at 33°C and then the temperature was reduced by 3°C/wk.
Chemical Analysis and Measurements
Before starting the experiment, all protein-containing ingredients were analyzed for basal chemical composition (AOAC, 1995) and amino acid (Andrews and Baldar, 1985) content. Then, the experimental diets were formulated using these determined actual values.
Birds and feed remaining in each pen were weighed at 21 d of age to determine BW gain and feed consumption during the experiment. The mortality was recorded once observed to adjust G:F data. At 21 d of age, 2 randomly selected birds from each replicate pen were weighed and then killed by cervical cutting. Carcasses were dissected immediately after euthanasia. Thymus, bursa of Fabricius, and spleen were then precisely removed and weighed separately on a sensitive digital scale.
Immunological Tests
Cellular immunity was assessed by a cutaneous basophil hypersensivity test in vivo using phytohemagglutinin P. At d 10, the toe web of the right foot (2 wing-banded chicks per pen) was measured in millimeters with a sensitive micrometer. Immediately after measurement, 100 μg of phytohemagglutinin P (suspended in 0.10 mL of sterile saline) was injected into the toe web. The toe web swelling was measured 12 and 24 h after injection. The response was measured by subtracting the skin thickness of the first measurement (time 0) from the mean skin thickness 12 and 24 h after dermal injection (Corrier and DeLoach, 1990) . At d 15, two chicks (wing-banded) from each replicate pen were infected by instilling 1 drop (7.2 log 10 /0.1 mL) of stock solution of B1 strain of Newcastle disease virus in each eye. The chicks were bled from the wing vein 6 d later and sera were collected individually in separate sterile vials. The hemagglutination inhibition test (Marquardt et al., 1984) was set up to determine the antibody production response against Newcastle disease antigen. To study the effects of different dietary Arg and CP on blood leukocyte subpopulations, 3 randomly selected birds from each pen were bled at 21 d of age, and EDTA-containing blood samples were stained according to protocol described by Lucas and Jamroz (1961); thereafter, the different leukocyte subsets were counted.
Statistical Analysis
All data were subjected to ANOVA using the GLM procedures of SAS software (SAS Institute, 1999) as a 2 × 5 factorial arrangement of treatments that included dietary CP and Arg level as the main effects and their respective interactions. The treatment means were separated by Duncan's multiple range tests (Duncan, 1955) at P < 0.05 statistical level. Pen was the experimental unit. The single degree of freedom contrast comparisons were made among control group and sufficient Arg-low-or high-CP diets and also between sufficient Arg levels into 2 dietary CP concentrations, to separate the effects of different variables on studied parameters. Arginine needs for optimal growth performance and immune functions were estimated using a single slope broken-line regression procedure (Robbins et al., 1979) .
RESULTS AND DISCUSSION
Decrease in dietary CP content from 22.35 to 19% caused a significant (P < 0.001) decline in feed consumption and consequently daily weight gain (Table  2) ; feed conversion efficiency, however, was not affected by dietary protein level. The lack of feed conversion response to changes in dietary CP may be due to concomitant increase or decrease in feed intake and BW gain of chicks fed on high-or low-CP diets. Chicks fed the Arg-deficient diets decreased (P < 0.001) feed consumption and weight gain; however, this decline was more noticeable when the birds received high-CP diets. Dietary Arg supplementation improved feed intake and weight gain, as well as feed conversion efficiency. Dietary inclusion of l-Arg supplement was more effective 2 Vitamin premix provided per kilogram of diet: vitamin A (from vitamin A acetate), 11,500 IU; cholecalciferol, 2,100 IU; vitamin E (from dl-α-tocopheryl acetate), 22 IU; vitamin B 12 , 0.60 mg; riboflavin, 4.4 mg; nicotinamide, 40 mg; calcium pantothenate, 35 mg; menadione (from menadione dimethyl-pyrimidinol), 1.50 mg; folic acid, 0.80 mg; thiamine, 3 mg; pyridoxine, 10 mg; biotin, 1 mg; choline chloride, 560 mg; ethoxyquin, 125 mg.
3 Variable amounts of l-Arg preparation, sodium bicarbonate, potassium carbonate, and washed builders sand, so that provides Arg levels and dietary electrolyte balance in spite to maintain constant levels of major nutrients (ME, CP, TSAA, and Lys) across dietary treatments.
4 NPP = nonphytate P. 5 DEB represents dietary electrolyte balance and is defined as Na + K − Cl.
in the diets high in CP content and tended (P = 0.0674) to improve feed conversion ratio in high-CP groups.
In agreement with present observations, Bregendahl et al. (2002) reported that feeding negative control diets (lowered CP content) could not support growth performance and overall carcass composition compared with a positive control group. Impaired growth performance and carcass quality with low-CP diets were observed even though the diets meet nutritional requirements of all essential amino acids, energy density, and cation-anion balance (Bregendahl et al., 2002) . Other researchers (Fancher and Jensen, 1989a,b,c; Pinchasov et al., 1990) have reported similar results with diets low in CP concentration. On the other hand, some research groups (Schutte, 1987; Stillborn and Waldroup, 1988) reported that if low-CP diets were supplemented with adequate amounts of essential and nonessential amino acids to meet the nutritional requirements of birds, performance can be produced similar to that observed with the conventional standard (high-CP) diets. Consistent with the present results, Kwak et al. (1999) found that BW gain of broiler chicks fed an Arg-deficient diet was lower than that of those fed Arg-supplemented diets. In the same study, feed consumption was lower from the diets deficient in Arg content (as in the present study), and feed intake significantly increased with each point increase in dietary Arg content (Kwak et al., 1999) . Arginine could influence growth in several ways. First, Arg is a primary component of proteins. Because it is only derived from the diet in birds, a dietary deficiency of Arg can have a direct effect on protein synthesis at the level of translation. Second, Arg has a secretagogue activity by which it stimulates the release of pituitary and pancreatic hormones, including glucagon, insulin, and growth hormone. This induced-hormone production could increase protein synthesis and feed consumption (Floyd et al., 1966; Palmer et al., 1975; Davila et al., 1987) . Third, an Arg effect might occur through the formation of ornithine, a polyamine precursor by which ornithine can lead to increased DNA synthesis and cell proliferation (Pegg and McCann, 1982) . The single slope broken-line model indicated that the Arg needs for an optimal growth rate were 101% of those recommended by NRC (1994), whereas the respective value for proper feed conversion efficiency was 103% of NRC (1994) . These values indicate that Arg requirement for an optimal performance is close to NRC (1994) recommendations. Thymus and bursa of Fabricius were reduced (P < 0.001) in relative weights as a consequence of lowering dietary CP level (Table 3) . However, spleen weight (relative weight) was not affected by dietary CP content. Similarly, Arg supplementation to deficient diets increased the relative weight of thymus in a nearly linear manner. The current observation indicates that the Arg needs for optimum cellular immune response may be higher than those for maximum growth rate. Arginine supplementation tended (P = 0.0507) to increase thymus weight to a greater extent in high-CP diets. Also, spleen increased its weight in response to Values with no common superscript within a column of each classification (Arg level or CP level) are significantly (P < 0.05) different. **P < 0.01; ***P < 0.001.
Arg supplementation to deficient diets. Consistent with our findings, Kwak et al. (1999) reported that feeding Arg-deficient diets to broiler chicks caused a significant decrease in thymus weight as a proportion of live BW. In the same study, relative spleen weight was also lower in Arg-deficient birds than in the chicks fed the Argsupplemented diets. However, these researchers failed to identify a significant change in the relative weight of bursa of Fabricius in response to dietary Arg supplementation (Kwak et al., 1999) . In contrast with ours, Abdukalykova and Ruiz-Feria (2006) found that although SRBC-antibody titers were greater in the birds fed Arg-supplemented diets, varying Arg levels had no effect on the relative weights of studied lymphoid organs (i.e., thymus, bursa of Fabricius, and spleen). Of course, it can be considered that none of the experimental diets (even least Arg level; i.e., 1.2% of diet) used in the study of these researchers were deficient in Arg content. Probably, lymphoid organs, particularly ones involved in cellular immune responses, are very sensitive and reactive to dietary Arg deficiency. Our results, however, show that thymus weight (and in turn, cellular immune responses) may be responsive to Arg supplementation at levels above those required for optimal growth performance. Nutrition is a critical determinant of immune responses, and malnutrition is the most common cause of immunodeficiency worldwide. Protein-energy malnutrition is associated with a significant impairment of cell-mediated immunity, phagocytic function, complement system, secretory immunoglobulin A antibody concentration, and cytokine production (Chandra, 1997) . Lymphoid atrophy is a dramatic feature of protein-energy malnutrition. The size and weight of the thymus are reduced; histologically, there is a loss of corticomedullary differentiation; there are fewer lymphoid cells; and the Hassall bodies are enlarged, degenerated, and occasionally calcified (Chandra, 1983; Roitt and Brostoff, 1991) .
Reducing dietary protein content from 22.35 to 19% of diet was associated with a decrease (P < 0.001) in peripheral blood lymphocyte mitogenesis, whereas Arg deficiency failed to affect the lymphocyte population. Higher levels of Arg supplementation caused an increase in heterophil percentage and tended (P = 0.1276) to increase heterophil-to-lymphocyte ratio (Table 4). Higher dietary CP level decreased heterophilto-lymphocyte ratio (P < 0.05) through affecting the proportion of lymphocytes to total white blood cells (P < 0.01). Similarly, cutaneous basophil hypersensivity reaction was affected by dietary CP (P < 0.01) and Arg (P < 0.001) content. Overall, high-CP diets stimulated this response, indicating higher levels of nutrients than growth requirements may be required to excite the immune system and its responses. Probably, any nutrient deficiencies, even though slight deficiency, which could affect each of the immune system constituents, negatively affect optimum immunological responses. Arginine supplementation to deficient diets (in both dietary CP levels) improved (P < 0.001) skin hypersensitivity reaction and antibody response against Newcastle dis- Values with no common superscript within a column of each classification (Arg level or CP level) are significantly (P < 0.05) different. *P < 0.05; ***P < 0.001. ease virus. Both basophil hypersensivity reaction and Newcastle virus are dependent on the cellular aspects of the immune system through stimulation of the T-cell subpopulation of leukocytes (Kidd et al., 2001 ). The fact that T lymphocytes and phagocytic function of peripheral blood leukocytes are strongly dependent on dietary Arg content (Evoy et al., 1998) indicates that any Arg deficiency may suppress later responses. Two main pathways of Arg metabolism have been identified as being critical to the immunomodulatory actions of Arg in vivo. First, the arginase pathway, in which Arg is converted to urea and ornithine, generates polyamines by the action of ornithine decarboxylase. This route of polyamine synthesis may be the mechanism whereby Arg augments lymphocyte mitogenesis (Klein and Morris, 1978) . Induction of arginase has also been proposed as the effector pathway in Arg-dependent, macrophagemediated tumor cell cytotoxicity (Currie, 1978) . Second, Arg is the sole substrate for nitric oxide synthesis in biological systems. Nitric oxide is synthesized from Arg by the action of nitric oxide synthase resulting in the formation of nitric oxide and citrulline. Nitric oxide is a ubiquitous molecule with wide important roles in the maintenance of vascular tone, coagulation, the immune system, and gastrointestinal tract and has been implicated as a factor in disease states as diverse as sepsis, hypertension, and cirrhosis (Billiar, 1995; Rodeberg et al., 1995) . It appears that some of the improvements in immunological responses observed here are probably due to the involvement of Arg in the 2 mentioned pathways.
From the present findings, it can be concluded that dietary Arg deficiency may suppress immune system and respective responses. With low-CP diets, incremental levels of Arg quickly produce plateau. On the other hand, Arg needs are lower in the diets low in CP content, and high levels of Arg supplementation had a more pronounced effect on BW gain and feed efficiency in high-CP diets than in low-CP ones. Present evidence indicates that the immunomodulatory action of Arg in the sophisticated immune system is mediated mainly through cellular immune responses rather than humoral ones. The broken-line analysis indicated that the Arg requirements of starting broiler chicks for optimal immune functions (107% of NRC values) are higher than those for maximum growth performance (101% of NRC recommendations) and feed efficiency (103% of NRC values). Values with no common superscript within a column of each classification (Arg level or CP level) are significantly (P < 0.05) different. 1 H:L = heterophil-to-lymphocyte ratio. 2 CBH test = cutaneous basophil hypersensitivity reaction to phytohemagglutinin P injection into the toe web skin, and measured as skin swelling before and after injection.
3 Hemagglutinin inhibition test for antibody response to Newcastle disease virus.
*P < 0.05; **P < 0.01; ***P < 0.001.
